netic relationships among diverse plant species, at a Phylogenetic relationships among 25 members of variety of taxonomic levels (reviewed most recently Apiaceae (Umbelliferae) subfamily Apioideae, repre-in Olmstead and Palmer, 1994) . Although rbcL has senting 7 of the 8 tribes and 8 of the 10 subtribes tradi-emerged as the chloroplast gene-of-choice for phylogetionally recognized in the subfamily, and 5 outgroups netic inference, its rate of nucleotide substitution may from Apiaceae subfamilies Hydrocotyloideae and be too slow to provide sufficient characters to resolve Saniculoideae and allied families Araliaceae and Pit-relationships at lower (inter-and intrageneric) taxotosporaceae have been inferred from nucleotide se-nomic levels (Doebley et al., 1990; Kim et al., 1992; quence variation in the intron of the chloroplast gene Xiang et al., 1993; Plunkett et al., in RNA polymerase C1 (rpoC1). Sequence divergence val-press). Instead, comparisons of more rapidly evolving ues in pairwise comparisons of unambiguous positions protein-coding genes, such as ndhF (Olmstead and among all taxa ranged from 0 to 11.3% of nucleotides Sweere, 1994) and matK (Johnson and Soltis, 1994; and averaged 3.8%. Trees derived from rpoC1 intron Steele and Vilgalys, 1994) , may provide the characters sequences estimated using maximum parsimony or necessary to resolve relationships among closely re- tations (Curtis and Clegg, 1984; Wolfe et al., 1987; there is a major phylogenetic division within Api- Clegg and Zurawski, 1992; oideae (excluding the basal Heteromorpha), with one 1991, 1994). To date, the spacer regions between genes clade comprising the genus Smyrnium and those taxa rbcL and atpB (Golenberg et al., 1993; Manen et al., traditionally grouped in tribes Dauceae, Scandiceae, Savolainen et al., 1994), between genes rbcL and and Laserpitieae, and the other clade comprising all psaI (Morton and Clegg, 1993), and between genes trnT other examined taxa, and (4) relationships within each and trnF (Taberlet et al., 1991; Fangan et al., 1994; of these 2 major clades of Apioideae are largely equivo- van Ham et al., 1994) have cal owing to the low levels of nucleotide sequence di-been investigated for phylogenetic purposes. Additionvergence observed. Although rpoC1 intron sequences ally, comparative restriction site analyses of noncoding can provide valuable characters for addressing phylo-sequences, using polymerase chain reaction (PCR)-genetic relationships among the outgroups and dis-amplified products that have been digested with fretantly related members of Apioideae, they have little quently cutting enzymes, have also increased the utilpower for resolving relationships among closely re-ity of the chloroplast genome in providing characters lated taxa.
.
Introns are those transcribed sequences that are ex-DNA sequence comparisons of chloroplast genes cised during the processing of the primary transcript have proven extremely useful in estimating phylogeand, like intergenic spacers, are nontranslated. Of the 79 putative protein-coding and 30 tRNA genes in the Wolfe, 1991) , 18 are interrupted by introns (2 of these chloroplast rpoC region, homologous to the β′ subunit of Escherichia coli RNA polymerase, is divided into two genes, ORF 168 and clpP, each contain 2 introns, and 1 gene, rps12, is thought to be trans-spliced). Six of these genes, rpoC1 and rpoC2, and is located within the large single-copy region of the plastid genome in most angiointrons split genes that encode tRNAs; the remaining split protein-coding genes. To date, the use of intron sperms (Cozens and Walker, 1986; Hudson et al., 1988; Fig. 1) . These genes, along with rpoB, are cotranscribed sequences in phylogenetic studies has been limited, being restricted to those of only 2 chloroplast tRNA genes as a single operon and encode three subunits of the chloroplast RNA polymerase (Hudson et al., 1988) . (i.e., trnL and trnV). Pairwise comparisons of rbcL and 2 noncoding sequences (namely, the trnL intron
The family Apiaceae (e.g., carrots, parsnips, celery, caraway, coriander, fennel, dill, and parsley) comprises and the intergenic spacer between the trnL 3′ exon and trnF) for 4 dicots and 6 monocots have illustrated that about 300 genera and some 3000 species and, although largely confined to temperate regions, is cosmopolitan these noncoding regions evolve, on average, more than 3 times faster than rbcL, and that the intron in trnL in distribution (Cronquist, 1981) . It is one of the best known families of flowering plants, because of its charevolves at a rate that is approximately the same as that of the intergenic spacer . acteristic inflorescences and fruits and the distinctive chemistry, reflected in the odor, flavor, and even toxicAnalysis of trnL intron sequences from 7 species of gentians (Gentianaceae) yielded a robust phylogeny fully ity of many of its members (Heywood, 1993) . The division of Apiaceae into 3 subfamilies (Hydrocotyloideae, concordant with conventional taxonomic treatments of the group and demonstrated the utility of tRNA intron Saniculoideae, and Apioideae) and 12 tribes, proposed almost a century ago, remains the predominant system sequences for resolving relationships at the intrageneric level. noted, how-of classification for the family (Drude, 1898) . However, the phylogenetic relationships among the genera of ever, the difficulty in aligning intron sequences obtained from different genera, even those from within Apioideae, the largest and most taxonomically complex subfamily, are not clear. This confusion stems from the the same family, because of the high incidence of insertion and deletion events. Similar results were observed undue reliance placed on many subtle morphological and anatomical differences of their fruits, and the nuby Fangan et al. (1994) in which the analysis of trnL intron sequences from 12 species (representing a diver-merous instances of parallel and convergent evolution that have likely occurred during the evolution of the sity of monocots and dicots, and Picea and Marchantia) showed that two-thirds of all positions (383 of 582 sites) group (Downie and Katz-Downie, 1996) .
This study was undertaken with two broad goals in could not be aligned unambiguously except for the most closely related groups of species. The remaining one-mind: (1) To evaluate the usefulness of chloroplast DNA (cpDNA) rpoC1 intron sequences in providing a third of positions, however, were highly conserved among all taxa. Comparisons of trnL and trnV intron sufficient number of reliable characters for inferring phylogeny; and (2) to formulate more precise hypothesequences from a diversity of angiosperm species reveal that the 6 different (stem-and-loop) domains of these ses about relationships among the diverse clades comprising Apiaceae subfamily Apioideae using these charintrons evolve at different rates, and that those small and scattered regions of high sequence conservation acters. The relationships proposed here will be evaluated primarily against the frequently cited sysare likely to be essential for the formation of secondary structure necessary for intron-associated functions tem of Apiaceae classification proposed by Drude (1898) and in light of the results obtained from a recent sys- Learn et al., 1992; Fangan et al., 1994) . Thus, it is seen (and often generally perceived) tematic investigation of the subfamily using nuclear ribosomal DNA internal transcribed spacer (ITS) sethat chloroplast intron sequences, like noncoding intergenic spacers, are rapidly evolving, both in their quences (Downie and Katz-Downie, 1996) . high rates of nucleotide substitution and in their propensity to accumulate many insertion/deletion muta-MATERIALS AND METHODS tions (indel events). Because of the presumed difficulty in aligning the sequences and the likely saturation of Ingroup taxa. The 25 accessions of Apioideae included in this investigation (Table 1) were chosen for 3 nonconserved positions by multiple substitutions, these introns are thought not to contribute usable char-primary reasons. (1) They represent 7 of the 8 tribes and 8 of the 10 subtribes of Apioideae recognized by acters for phylogenetic inference, particularly at higher taxonomic levels (Doyle, 1993; Olmstead and Palmer, Drude (1898) . (2) Many were the subject of a phylogenetic study based on nuclear ribosomal DNA ITS se-1994).
This study is the first to focus explicitly on an intron quences with which the results from this study will be compared (Downie and Katz-Downie, 1996) . (3) On the sequence from a non-tRNA gene for phylogenetic inference and shows that introns in protein-coding chloro-basis of these ITS results, they represent groups of taxa that are both closely and distantly related within the plast genes, specifically the intron splitting the gene RNA polymerase C1 (rpoC1), can contribute valuable subfamily. Thus, the utility of rpoC1 intron sequences in providing characters to infer phylogeny at various characters for inferring hypotheses of relationship. The levels of genetic divergence within the subfamily can between these two taxa and Pittosporaceae (van Tieghem, 1884; Jay, 1969; Thorne, 1973 Thorne, , 1992 Dahlbe ascertained. gren, 1980; Stuhlfauth et al., 1985; Judd et al., 1994) . Outgroup taxa. Two representatives of Apiaceae Recent phylogenetic analyses of cpDNA rbcL sequences subfamily Hydrocotyloideae (Centella and Hydrocotyle) (Plunkett et al., in press ) and morphologic and anaand one representative each of Apiaceae subfamily tomic characters (Judd et al., 1994) reveal that subfamSaniculoideae (Eryngium), Araliaceae (Aralia), and ilies Apioideae and Saniculoideae are each monophyPittosporaceae (Pittosporum) were chosen as outgroups letic and are sister-taxa. (Table 1 ). Most authors, except Hutchinson (1973) , have agreed that Apiaceae and Araliaceae are closely DNA extraction. Total genomic DNAs were isolated from fresh leaf material of one or, rarely, more individrelated (e.g., Thorne, 1973; Takhtajan, 1980; Cronquist, 1981) , and many have suggested an affinity ual plants using the modified CTAB procedure of Doyle and Doyle (1987) and further purified by centrifugation in cesium chloride-ethidium bromide gradients. Leaf material was either collected directly from the field, taken from flower-and fruit-bearing plants propagated from seed in the greenhouse, or obtained from accessioned plants cultivated at the University of California Botanical Garden, Berkeley (Table 1) .
PCR amplification and sequencing strategy. The complete rpoC1 intron region and portions of the flanking exon regions in each genomic DNA were PCR-amplified using primers ''5′rpoC1 exon'' and ''3′rpoC1 exon'' (Fig. 1) in an equimolar ratio. Primers were designed by comparing the two rpoC1 exon sequences from tobacco, rice, and Marchantia and choosing regions highly conserved among the taxa. Details of the amplification reactions, and the DNA purification and sequencing strategies used, are the same as outlined previously (Downie and Katz-Downie, 1996) . Each set of reactions was monitored by the inclusion of positive (tobacco DNA) and negative (no template) controls. Successful PCR amplifications resulted in a single DNA band corresponding to approximately 1100 bp. Forward primers ''5′rpoC1 exon,'' ''rpoC1 intron-1,'' ''rpoC1 intron-2,'' and ''rpoC1 intron-3,'' and reverse primer ''rpoC1 exon2'' (Figs. 1 and 2) were each used in the sequencing of each template DNA. In most instances, each of the template DNAs was sequenced twice with the same primer to ensure accuracy. Sequence analysis. Group II introns, of which the cotranscribed ribosomal polymerase genes rpoB and rpoC2 (based on intron in rpoC1 is classified, are characterized by six Shinozaki et al., 1986) . The gene rpoC1 is interrupted by an intron in tobacco and most other land plants; in tobacco, the intron is 738 centrally radiating structural components (designated bp in size (Shimada et al., 1990) . The thickened parts of the circle as domains I-VI; Michel et al., 1989) . These introns exrepresent the 25.3-kb inverted repeat region. The arrows represent hibit considerable evolutionary conservation of second-the approximate positions of the oligonucleotide primers used in PCR ary structure, with each of these domains divided into amplification (5′rpoC1 exon and 3′rpoC1 exon) and DNA sequencing (all but 3′rpoC1 exon). Primer sequences are as follows: 5′rpoC1 exon, highly conserved stem portions and, generally, less con-GGTCTTCCTAG(C/T)TA(C/T)AT(C/T/A)GC; rpoC1 intron-1, ACTC served loop portions (Michel and Dujon, 1983; Michel , 1989) . The alignment of rpoC1 intron sequences AGG; rpoC1 intron-3, AGGAAGCCGTAAT(C/T)AA(A/G)G; 3′rpoC1 was done manually by comparing these sequences to exon, AATAAGCA(C/T)AA(N)ACCATCCA; rpoC1 exon2, ATTTCAT conserved regions documented for rpoC1 and other ATTCGAA(C/T)AANCC. All sequences are written 5′ to 3′. group II introns (Michel et al., 1989) . Predictions of secondary structure by free-energy minimization were made using MULFOLD Version 2.0 (Zuker, 1989; Jaeger et al., 1989) and used to guide the alignment when
FIG. 2.
Aligned rpoC1 intron nucleotide sequences from 30 representatives of Apiaceae, Araliaceae, and Pittosporaceae arranged alphabetically. Nucleotide sites are numbered 5′ to 3′ from the exon1-intron boundary to the intron-exon2 boundary. A, C, G, and T denote dATP, dCTP, dGTP, dTTP, respectively. Nucleotide identity with the first sequence is indicated by a dot; gaps required for alignment are indicated by hyphens; ambiguous regions excluded from the analysis are indicated by asterisks below the alignment. Complete taxon names are provided in Table 1 . The size of each intron (in bp) is provided in the square brackets at the end of the alignment, and the locations of the three internal sequencing primers ( appropriate. Boundaries of the exon and intron regions event was mapped onto one of the resulting minimallength cladograms in the most parsimonious way possiwere determined by comparison of the DNA sequences to the corresponding boundaries in tobacco (Shinozaki ble in order to test its congruence with the phylogeny constructed on the basis of nucleotide substitutions et al., 1986) and consensus splice sites in other plants for group II introns (Michel et al., 1989) .
alone. The pattern of rpoC1 intron evolution is clearly conOnly the intron sequences were included in the analysis, as the sequencing strategy outlined above effec-strained by the presence of a high degree of secondary structure. Considerations of secondary structure in tively ignored the flanking, and presumably more highly conserved, exon regions. Because the taxa being phylogenetic analyses, with regard to evaluating respective properties of paired (stem) and unpaired (loop) considered are closely related, pairwise nucleotide differences of unambiguously aligned positions were de-positions on tree reliability, are therefore important.
However, because of the lack of consensus on how to termined using the DISTANCE MATRIX option in PAUP Version 3.1.1 (Swofford, 1993) . Thus, these di-deal with this issue [i.e., should paired positions be eliminated, weighted by one-half (or some other value) vergence values were calculated simply as a proportion of divergent sites in each pairwise comparison with no relative to unpaired positions to account for their nonindependence (and observed levels of compensatory provision made to account for superimposed events (multiple hits) which may have occurred at many posi-substitution), or be given equal weight (Smith, 1989; Wheeler and Honeycutt, 1988; Hillis and Dixon, 1991; tions. Only those positions which were in obvious alignment were used in the distance calculations and phylo- Dixon and Hillis, 1993) ], all three of these weighting schemes were considered here. genetic analyses. Gaps were treated as missing data. Transition/transversion ratios were calculated using Character-state weighted parsimony analysis, in which transversions were weighted over transitions by MacClade Version 3 (Maddison and Maddison, 1992) , and the AϩT content of each intron for each species factors of 1.1, 1.2, or 1.5 using PAUP's USERTYPE STEPMATRIX command, was also implemented. In was calculated manually. The nucleotide sequence data reported in this study have been deposited with the this analysis, HEURISTIC searches were conducted using SIMPLE addition and TBR branch-swapping. EMBL/GenBank Data Libraries under Accession Nos. U36278-U36307.
These methods allow for the correction of multiple substitutions and differential transition/transversion probability based on empirical observation from the Phylogenetic analysis. The resulting data matrix (excluding ambiguous positions) was analyzed by as-data. The ratio of 1.2 was selected based on the actually observed frequencies in the maximally parsimonious suming unordered character states (i.e., Fitch parsimony) using PAUP run on either a Macintosh Quadra trees; the values of 1.1 and 1.5 were selected because they simply bracket the observed value of 1.2. Addition-700 or Power Macintosh 8100/100 AV computer. All HEURISTIC searches were replicated 500 times with ally, parsimony trees were constructed using transversions only. As the ratio of transitions to transversions RANDOM addition sequence and TREE BISECTION-RECONNECTION (TBR) branch swapping. The op-approaches 1.0 (as is the case here), it is often assumed that transitions are becoming largely saturated and, tions MULPARS, STEEPEST DESCENT, COLLAPSE, and ACCTRAN optimization were selected. Initially, thus, should be down-weighted or ignored altogether in phylogenetic analyses (Mindell and Honeycutt, 1990 ; all searches were performed using equal character weighting. Bootstrap values (Felsenstein, 1985) were Knight and Mindell, 1993 ; but see Reeder, 1995 , for an exception). calculated from 100 replicate analyses using the HEURISTIC search strategy and SIMPLE addition seMaximum likelihood phylogeny estimation was also explored utilizing the fastDNAml program (Version quence of the taxa. Owing to the large number of trees obtained upon the relaxation of parsimony and the 1.0.6; Olsen et al., 1994) based on the procedures of Felsenstein (1981) . A maximum likelihood tree was inmemory capabilities of the computers, a ''decay analysis'' (Bremer, 1988) was not done. The number ferred using a transition/transversion ratio of 1.2, randomizing the sequence addition order (JUMBLE), and of additional steps required to force particular taxa into a monophyletic group was examined using the by invoking the GLOBAL branch swapping search option. Empirical base frequencies were derived from the CONSTRAINTS option of PAUP. The amount of phylogenetic information in the parsimony analyses was es-sequence data and used in the maximum likelihood calculations. timated using the consistency index (CI, Kluge and Farris, 1969) , retention index (RI, Farris, 1989) , and g 1 statistic (Hillis and Huelsenbeck, 1992) . The g 1 statistic Tobacco and rice intron sequence comparisons. Pairwise comparisons of the 17 chloroplast introns was achieved by calculating the tree-length distribution of 10,000 random parsimony trees using PAUP's shared between tobacco and rice (Shinozaki et al., 1986; Hiratsuka et al., 1989) were carried out in order to de-RANDOM TREES selection and was used to assess the amount of nonrandom structure in the data. Each indel termine the extent of sequence conservation between these regions and to explore the taxonomic level to which these additional intron sequences would be most effective in providing characters to resolve relationships. To date, tobacco and rice represent the only photosynthetic angiosperms for which comprehensive intron sequence data are available for the entire chloroplast genome. Unfortunately, the rice rpoC1 gene does not contain an intron (Hiratsuka et al., 1989) so its rate of evolution relative to other rice chloroplast introns cannot be ascertained. Each pair of sequences was aligned using the PILEUP procedure of the University of Wisconsin GCG sequence analysis software package (Version 7, Genetics Computer Group, Madison, WI) on a VAX computer. Similarity between sequences was calculated as the proportion of aligned sites having identical nucleotides; gaps were excluded from the calculations. The default gap weight (penalty) of 5.00 and a gap length weight of 0.30 were selected, although it is realized that the position and lengths of gaps created in the alignment procedure may vary depending upon Sequence analysis. Alignment of all 30 rpoC1 intron sequences resulted in a matrix of 845 positions (Fig.  2) . Because of alignment ambiguities, however, it was sequences by Michel et al. (1989) and the results of the MULFOLD analysis, are indicated by vertical bars necessary to delete 128 positions (15.1%)-these positions are identified by asterisks in Fig. 2 . Of the re-above the alignment in Fig. 2 . The number of these positions is 232 (27% of the entire alignment, including maining 717 unambiguously aligned nucleotide sites, 513 (71.5%) were unvarying, 123 (17.2%) were unique ambiguous regions), of which only 8 (3%) were informative phylogenetically. Based on these data, the approxito individual taxa, and 81 (11.3%) had at least two nucleotide states in two or more sequences and were mate locations of the 6 major structural domains in the intron were also realized (Fig. 2) . Domain I is the potentially informative phylogenetically. The distribution of the numbers of variable and informative nucleo-largest, comprising almost 58% of the total length of the intron, whereas domains V and VI, each comprising tide positions across the entire intron region is somewhat uniform, with the exception of a region exhibiting about 4% of the length of the intron, are the smallest.
The most variable domain, ascertained by dividing the a peak of informative positions near its 3′ end (Fig. 3) . Proper alignment of these unambiguously aligned se-number of variable (and unambiguous) positions in each region by its size, was domain II with 28.2% of its quences required the introduction of 25 gaps, 9 of which were 1 bp in length and 8 of which were 2 bp in length positions variable. This was followed by domains IV, I, III, VI, and V, with 26.7, 26.2, 20.4, 18.5 , and 17.6% of ( Table 2 ). The remainder ranged from 3 to 22 bp in length, with the average size of all gaps being approxi-positions variable, respectively. As expected, the vast majority of these variable positions, and all ambiguous mately 3 bp. Of these 25 gaps, 7 were potentially informative for phylogenetic analysis. These introns, like all positions, occurred in the single-stranded loop regions of the intron. noncoding DNA , are AT-rich in base composition. Percentage AϩT content ranged from 62.4
In direct pairwise comparisons of unambiguous positions among all accessions, sequence divergence ranged to 65.2%, and averaged 63.9%. These values are similar to those reported for other chloroplast introns in from identity (between Arracacia brandegei and Prionosciadium) to 11.3% of nucleotides (between Scandix tobacco and rice (Shimada and Sugiura, 1991) .
The nucleotides participating in either secondary and the outgroup Pittosporum) and averaged 3.8%.
Comparison of only Apioideae sequence pairs yielded a structure or three-dimensional pairings, as inferred by a model based on the consensus of 68 group II intron maximum divergence value of 5.8% (between Scandix cally informative length mutations ( Table 2) . Four of b Type of length mutation relative to the outgroup Pittosporum. Pothese mutations (indels A, C, E, and G) were perfectly tentially informative length mutations are identified as A through congruent (i.e., synapomorphic) with the phylogeny in-G.
ferred by nucleotide substitutions; the remaining three (indels B, D, and F) were inferred to be homoplastic. Indels B and F are in regions of the alignment characand Heteromorpha). Excluding the basal Heteromorpha (discussed below), the maximum divergence value terized by runs of G's and it is probable that a small but unobservable compression in each of these regions among all remaining apioid accessions was 4.6% (between Scandix and Apium). It should be noted that as may have accounted for the independent derivation of deletion B in Anthriscus and the reversal of mutation a consequence of excluding a large region of low similarity from the distance calculations (positions 551-F in Aethusa. Indel D, a 7-bp sequence inferred to be absent in the common ancestor of Apiaceae but present 622, Fig. 2 ), these divergences are slightly lower than they would have been if this region was included.
in a major clade of Apioideae, is also likely a reversal.
An alternative yet nonparsimonious explanation to acMany indel events in noncoding regions involve short direct repeats that are likely to be the result of slipped-count for the distribution of this deletion is to suggest that it occurred four times during the evolution of the strand mispairing during replication (Takaiwa and Sugiura, 1982; Zurawski et al., 1984) . Such mutations group (that is, independently in Eryngium, Heteromorpha, the clade consisting of Anethum through Pimpiwere inferred here and include insertion events 1, 3, 9, 11, 21, 22, and 25 (Table 2) , each involving either a 1-nella, and the clade consisting of Anthriscus through Smyrnium). The occurrence of homoplastic indels indior 2-bp repeated sequence. Several larger repetitive insertions were identified but are in those regions of the cates, however, that such mutations can be misleading for studies of phylogenetic inference if used indepenalignment excluded from the analysis; these tandem repeats make it impossible to determine the homology of dently of nucleotide substitutions (Morton and Golenberg et al., 1993) . specific repeat units across all sequences in a multiple alignment. Perfect direct repeats of this type include
The elimination of all (232) Table 1 . Infrasubfamilial classification of Apiaceae subfamily Apioideae based on Drude (1898). little to affect the topology of the phylogenetic estimate. scribed below, much resolution was lost among the members of Apioideae. The low levels of DNA sequence The strict consensus of the resultant trees (n ϭ 50, length ϭ 246 steps, CI excluding uninformative charac-divergence exhibited among these apioid taxa and their close evolutionary relatedness, however, suggest that ters ϭ 0.650, RI ϭ 796) was identical to that illustrated in Fig. 4 , except for the collapse of the OrlayaϩTorilis transitions may not be wholly saturated and, therefore, should not be ignored. clade. Weighting paired positions by one-half relative to unpaired positions resulted in precisely the same The tree obtained using the maximum likelihood method and a transition/transversion ratio of 1.2 had topology and number of trees as when all positions were treated equally.
a ln likelihood of Ϫ2703.5 (Fig. 6 ). This maximum likelihood tree possesses the same basal relationships as The average transition/transversion ratio in all rpoC1 intron sequences across all 30 minimal length detected by the parsimony analyses. Regions of the topology that were weakly supported or unresolved in the trees, as determined by MacClade, was 1.17. When the average observed transition/transversion ratio of 1.2 parsimony analysis were similarly supported or unresolved when the maximum likelihood method was inwas used in a weighted parsimony analysis, the same 30 trees resulted as in the equally weighted analysis. voked. Identical results were obtained when transversions were weighted 1.1 or 1.5 times over transitions. When Phylogenetic resolutions. Using either Pittosporum or Aralia as the outgroup, all phylogenetic analyses transversions were used alone the phylogenetic resolution obtained decreased substantially, largely due to confirm the monophyly of subfamily Apioideae and its sister-group status to Eryngium, the only representathe two-thirds reduction in the number of available informative characters. Although the basal relationships tive examined of subfamily Saniculoideae. Furthermore, the results reveal that, among all the members in the strict consensus tree derived from these data were very similar to those depicted in Fig. 4 and de-of Apioideae included in the analysis, Heteromorpha is straining the parsimony analysis so that the two Arracacia species are monophyletic produced minimallength trees one step longer than those produced the earliest diverging lineage. Aralia emerges from without the constraint. Forcing the two species of within a paraphyletic Apiaceae subfamily Hydro-Heracleum together resulted in minimal-length trees cotyloideae (represented by Hydrocotyle and Centella) of 289 steps, two steps longer than those without the and this clade is sister to ApioideaeϩSaniculoideae.
constraint. H. lanatum and Pastinaca unite in all phyThe phylogenetic analyses further reveal that, in the logenetic analyses to form a strongly supported clade. context of those species examined, Apioideae (less HetRelationships within each of the two major clades of eromorpha) comprise two major clades. The first of Apioideae are largely unresolved owing to low levels of these is represented by genus Smyrnium (Smyrnieae) nucleotide sequence divergence among the taxa. and those taxa belonging to Drude's (1898) tribes Dauceae, Laserpitieae, and Scandiceae (Fig. 4) . The
Tobacco and rice intron sequence comparisons. Seventeen of the introns occurring in tobacco cpDNA are two subtribes of Scandiceae, Caucalidinae (Orlaya and Torilis) and Scandicinae (Anthriscus and Scandix), are also present in the chloroplast genome of rice; in rice, the chloroplast genes rpoC1 and clpP do not contain each monophyletic; the former clade, however, is supported weakly. The second major phylogenetic division intervening sequences (Shinozaki et al., 1986; Hiratsuka et al., 1989) . The results of the pairwise compariwithin the subfamily comprises the two other generic representatives of the tribe Smyrnieae (Arracacia and sons of these 17 shared intron sequences, with respect to their location in the chloroplast genome, are preConium) and those taxa belonging to Drude's tribes Ammieae, Coriandreae, and Peucedaneae. Within this sented in Table 3 . The five introns located within the inverted repeat regions of these genomes were highly larger clade, AnethumϩApium and ConiumϩPimpi- et al., 1986) and spinach (Hudson et al., 1988) and Rice Chloroplast DNA Intron Sequences, Ar-rpoC1 intron sequences and only differ very slightly ranged in Descending Similarity with Respect to Ge-from those in Marchantia (Ohyama et al., 1986) , and nome Region Aethusa and Daucus (Fig. 2) 1983; Michel et al., 1989) .
c This intron is missing from the rice chloroplast genome.
Of the 30 rpoC1 intron sequences determined here,
22 fell between the narrow range of 745 and 765 bp; overall, their sizes varied from 719 to 785 bp (Fig. 2) . These sizes lie within the range of those reported for conserved in nucleotide sequence (ranging between 93.0 and 96.1% similarity), whereas the 12 remaining two other angiosperms (spinach, 756 bp [Hudson et al., 1988] ; tobacco, 738 bp]). 2 Considering the size and type introns, located within the (large and small) singlecopy regions of these genomes, are much less conserved of gaps in the multiple alignment, single-nucleotide deletions were the most frequent (8/25 events) and the (ranging between 64.5 and 78.3% similarity).
frequency of gaps decreased as their length increased ( Table 2) . As has been observed in other studies of non-DISCUSSION coding DNA, a major source of variation is the generation of short (1-10 bp) deletions or duplications, most Molecular evolution of rpoC1 intron sequences. The intron in rpoC1 can be further divided into subgroup likely due to slipped-strand mispairing events (Levinson and Gutman, 1987) . Overall, deletions of any size IIB on the basis of the presence of the following three features recognized by Michel et al. (1989) : (1) (Golenberg et al., 1993 ; Sai-these accessions range from identity (between Arracacia brandegei and Prionosciadium) to 0.6% (between tou and Ueda, 1994) .
Arracacia nelsonii and Rhodosciadium) and are too low to be useful in providing sufficient phylogenetic inforPhylogenetic relationships. Members of Apioideae, the typical ''umbellifers,'' unequivocally form a mono-mation. Each of these taxa, however, along with the North American endemic Zizia, share an 8-bp insertion phyletic group, being distinguished from those in the other two subfamilies by the shared presence of com-relative to Pittosporum (positions 360-367, Fig. 2 ), providing compelling evidence for their common ancestry. pound umbels, a specialized fruit consisting of two oneseeded mericarps suspended from a common bifurcate It is not unrealistic, however, to presume that apparently identical indels may have had multiple origins in carpophore, a soft endocarp that is sometimes hardened by woody subepidermal layers, a terminal style unrelated taxa (Downie et al., 1991; Golenberg et al., 1993) . The separation of Anethum, Apium, Conium and arising from the stylopodium, fruits without scales, an absence of stipules, and the widespread but not ubiqui-Pimpinella as a clade from the other examined members of their respective tribes or subtribes is also retous occurrence of flavones, methylated flavonoids, furanocoumarins, and phenylpropenes (Crowden et al., flected in the ITS study where these taxa (and others not included in this analysis) lie basal within this major 1969; Harborne, 1971; Hegnauer, 1971; Nielsen, 1971; Heywood, 1982) . The molecular results presented here phylogenetic division of Apioideae. Of the four tribes and six subtribes recognized by Drude (1898) for which fully corroborate the monophyly of Apioideae.
Although the monophyly of Saniculoideae cannot be more than one generic representative was examined, only two subtribes (Caucalidinae and Scandicinae) are assessed as only one accession of this subfamily was available, Hydrocotyloideae (represented by Centella clearly monophyletic. Tribes Smyrnieae and Ammieae appear polyphyletic, and the putative monophyly of all and Hydrocotyle) appear to be paraphyletic with the one member of Araliaceae (Aralia) arising from within. remaining taxa remains unknown with the data at hand. On the basis of rbcL sequence data, the hydrocotyloids appear to be an unnatural assemblage, representing at least four independent lineages, three of which are alUtility of rpoC1 intron sequences in phylogeny estimation. Phylogenies derived from the rpoC1 intron lied with Araliaceae (Plunkett et al., in press) . In light of these recent rbcL-based results, and considering the are largely equivocal in their abilities to explain relationships among many of the members of Apioideae insparse sampling of Araliaceae and hydrocotyloids carried out in this study, the inferred paraphyly of Hydro-cluded in this study, owing to the extensive similarity exhibited among the sequences [513 of the 717 (71.5%) cotyloideae may be incorrect. Dawson (1971) has indicated that herbaceous Api-unambiguously aligned nucleotide sites were identical for all species in which they were present]. Much of this oideae have likely evolved from montane tropical woody apioid ancestors. Although the majority of Api-invariant sequence-189 of 513 sites (37%)-is integral to the formation of secondary structure for group oideae are characterized by a herbaceous habit, several members, including Heteromorpha and Myrrhiden-II introns; many of these positions are also conserved in Marchantia plastid group II introns (Michel et al., dron , are woody. The wood anatomy of Heteromorpha (and Pittosporum) is much like that found in many Ara-1989) . This, along with the small size of the region-a typical angiosperm rbcL sequence is almost twice its liaceae. Most Apiaceae (including Myrrhidendron) have vessel elements with predominantly simple per-length, for example-reduces the number of phylogenetically informative characters available to the analyforations, whereas Heteromorpha, Pittosporum and many Araliaceae possess double perforations (Rodri-sis. A sequence divergence value of between 5 and 15% among the taxa compared usually indicates an approguez, 1971). On the basis of our results, the woody habit of Myrrhidendron is secondarily derived. The basal po-priate rate of divergence that will minimize multiple hits while still providing a sufficient number of characsition of Heteromorpha in the subfamily, as ascertained here, is also indicated in a phylogeny based on rbcL ters to resolve relationships (Templeton, 1983; Ritland and Clegg, 1990; Olmstead and Palmer, 1994) . Within data (Plunkett et al., in press ).
The two major subgroups of Apioideae identified in Apioideae, divergence values in pairwise comparisons fell at the lower end of this range, approaching 5.8% of this study (excluding the basal Heteromorpha) were also revealed by cladistic analysis of nuclear ribosomal nucleotides. These low values indicate that rpoC1 intron sequences, unlike the introns in chloroplast genes DNA ITS sequences (Downie and Katz-Downie, 1996) . The close relationships among the allied and polyploid trnL and trnV Learn et al., 1992; Fangan et al., 1994; , are New World genera Arracacia, Coulterophytum, Myrrhidendron, Prionosciadium, and Rhodosciadium (Table largely inappropriate to infer phylogeny among closely related taxa. Instead, the rpoC1 intron data appear 1), as inferred by these ITS comparisons, are not depicted in any of the trees presented here. Nucleotide well suited to comparisons among distantly related species, as sequence divergence values among members of divergence values of rpoC1 intron sequences among Pittosporaceae, Araliaceae, and some Apiaceae reached five introns will be most informative at the highest levels of evolutionary divergence. Sequence comparisons just over 11% of nucleotides.
The apparently limited resolution of these intron se-among the 11 large single-copy (LSC) region introns range from 64.5 to 78.3%, while the sole intron in the quences among most Apioideae examined might also reflect a real biological phenomenon-the rapid and re-small single-copy (SSC) region has a sequence similarity between tobacco and rice of 67.1%. This heterogenecent radiation of this lineage. To this end, the resolution obtained by the analysis of these intron sequences ity in rate of cpDNA intron evolution, relative to genomic region, has been reported previously by Clegg et is not significantly worse than that provided by rbcL, as the latter also proved to be somewhat limited in its al. (1991) . Thus, the 17-20 introns in the chloroplast genomes of most angiosperms encompass a wide range ability to resolve relationships among the higher apioids. However, resolution of such a putatively young of evolutionary rates and are suitable for phylogenetic study over a diversity of taxonomic levels. The utility group has been achieved, in part, using data from the more rapidly evolving chloroplast matK gene (G. of the majority of these introns in phylogeny estimation and their molecular evolution have yet to be examined. Plunkett, D. Soltis, and P. Soltis, unpublished data) and nuclear ITS regions (Downie and Katz-Downie, 1996) . Therefore, the lack of variation exhibited by CONCLUSIONS rpoC1 intron sequences in Apioideae should not preclude the use of these data in inferring relationships in Partial concordance between the consensus trees deother groups of plants of comparable and deeper taxo-rived from parsimony analyses of cpDNA rpoC1 intron nomic ranks, as greater phylogenetic resolution might (this study) and rbcL sequences (Plunkett et al., in be achieved in those groups having a longer evolution-press) and nuclear ribosomal DNA internal transcribed ary history.
spacers (Downie and Katz-Downie, 1996) suggests that The upper limits (i.e., phylogenetic depth) to which rpoC1 intron nucleotide substitutions can prove useful rpoC1 intron sequences can be applied have yet to be for addressing phylogenetic relationships among disrealized. Pairwise nucleotide differences of available tantly related members of Apiaceae subfamily rpoC1 intron sequences, excluding gaps, from Apium Apioideae and between members of Apiaceae and (this study), tobacco (Shinozaki et al., 1986) , and spin-Araliaceae/Pittosporaceae. Length mutations in these ach (Hudson et al., 1988) were 17.4% (for the Apium/ intron sequences also appear to be of potential value to tobacco comparison), 18.4% (for tobacco/spinach), and phylogeny estimation, with one (an 8-bp insertion at 21.7% (for Apium/spinach). Although extensive se-positions 360-367) uniting Zizia with several polyploid quence conservation exists among these taxa (approxi-Mexican and Central American endemics. In contrast, mately 74% of all positions are invariant), numerous several homoplastic length mutations are also apparshort length mutations, ranging from 1 to 12 bp, were ent and have the potential to confound cladistic analyalso apparent, affecting 13% of all positions. This con-ses. Limitations imposed by the small size of the region servative mode of intron evolution plus the fact that can be overcome, in part, by combining these intron seintrons are not subjected to codon bias, as is the case quences with sequence data obtained from other chlorowith protein-coding genes, suggest that these se-plast genes or noncoding regions. quences should therefore be good choices for further Our analyses demonstrate that chloroplast rpoC1 inanalyses among distantly related species. Their small tron sequence data have little power to resolve phylogesize and abundance of length mutations confounding netic relationships at low taxonomic levels. It has too alignment, however, largely preclude them from being few informative sites to allow for analyses of close relauseful at this level.
tives, and it evolves too rapidly for reliable comparisons among distantly related angiosperms. Although length Phylogenetic utility of other cpDNA introns. Evolu-mutations within the intron or even the presence or abtionary rates vary among cpDNA introns, suggesting sence of the intron itself can serve to delimit major taxthat not all introns are useful for phylogenetic analyses onomic groupings at deep levels, these kinds of characat the same taxonomic level. Pairwise comparisons of ters are sparse. At an appropriate level of divergence, the 17 chloroplast introns shared between tobacco and however, rpoC1 intron data can provide phylogenetirice indicate that five introns (i.e., rpl2, ndhB, 3′rps12, cally useful information. trnI and trnA) are extraordinarily conserved in nucleotide sequence (Table 3) . This striking sequence conser-ACKNOWLEDGMENTS vation is likely due to the intron's position in the chloroplast genome's inverted repeat (Fig. 1), a region whose The authors thank G. Plunkett, L. Constance, and the Botanical mutation rate is at least three times slower than that Garden of the University of California (Berkeley), for providing us of single-copy sequences (Wolfe et al., 1987) . It may also with leaf material; the various botanical gardens cited in the text for reflect unusually strong functional constraints on the providing seeds; L. Constance for confirming the plant identifications; W. Yang for laboratory assistance; and J. Palmer, G. Plunkett, evolution of these particular introns. Obviously, these and two anonymous reviewers for helpful comments on an earlier lien'' (A. Engler and K. Prantl, Eds.), Vol. 3, pp. 63-250. Wilhelm Engelmann, Leipzig, Germany. draft of the manuscript. This work was supported by laboratory startup funds from the University of Illinois, and by grants from the Na-Fangan, B. M., Stedje, B., Stabbetorp, O. E., Jensen, E. S., and Jakobtional Science Foundation 
